The need for real-time data to aid in disaster management and monitoring has been clearly demonstrated for the past several years, e.g., during fires, the tsunami in Indonesia in 2004, the hurricane Katrina in 2005, and more recently, the Iceland volcano eruption and the oil spill in the gulf off the Louisiana coast. Users want (and often require) the means to get earth observation data for operational regional use as soon as it is captured by satellites. This is especially true during events that can cause loss of human life and/or property. To meet this need, NASA's Earth Observing System (EOS) satellites, Terra, Aqua, and Aura provide real-time data useful to disaster management teams. This paper describes the satellites, their Direct Broadcast (DB) capabilities, the data uses, and the Direct Readout (DR) processing environment required to address decision support systems.
TERRA, AQUA, AND AURA MISSION OPERATIONS
EOS Terra, Aqua, and Aura were launched into polar, sunsynchronous orbits in 1999, 2002, and 2004, respectively, and are the pathfinder missions of NASA's Earth Science Program [1] [2] [3] . They continue to provide high quality Earth observation data from a total of 14 instruments. The Earth Science Missions Operations Project, located at NASA Goddard Space Flight Center (GSFC), monitors and operates the 3 satellites around the clock from the EOS Operations Center. The EOS Data and the Information Systems Distributed Active Archive Centers (DAACs) and the Science-Investigator-led Processing Systems process the level-0 data to level 1, 2, and higher data products. The DAACs archive and distribute the data products to users around the world.
DIRECT BROADCAST
The EOS Terra, Aqua, and Aura data sets are invaluable for many applications, including resource and disaster management and monitoring. However, the personnel and agencies involved in relief efforts often cannot wait for the time it takes to schedule spacecraft recorder playbacks to the primary ground stations, perform processing, and then provide the data through the normal distribution channel, i.e., the EOS data centers. To address this need, the three satellites have the built-in capability to transmit their data in real-time to ground antennas using their on-board DB systems. This DB capability enables the real-time transmission of the Terra Moderate-Resolution Imaging Spectrometer (MODIS) data and the entire set of Aqua data, including data from the Atmospheric Infrared Sounder (AIRS) and Advance Microwave Scanning Radiometer (AMSR-E) instruments. In addition, the Aura Ozone Monitoring Instrument (OMI) data are broadcast to its ground station in Sodankyla, Finland. Some future missions plan to carry instruments similar to MODIS and AMSU (e.g., the Joint Polar Satellite System) and AMSR-E (e.g., the Global Change Observation Missions).
The DB system provides the users a way to receive the Earth observations in real-time as they are being captured on the satellite, but there are some limitations. DB users do not receive recorded data from other parts of the world, nor has the captured data been "cleaned" up, but the benefit is almost instant access to the data. Hence, real-time applications can be derived using NASA-provided software algorithms. For some locations in the world, DB reception offers the additional advantage of easy and cost-effective access when broadband internet service is unavailable, restricted, or cost-prohibitive.
A satellite with DB capability has a distinct advantage in that there is a secondary path for data to reach the ground with virtually no time delay. DB has also proven to be a useful backup to the primary store and forward method of obtaining high resolution global data, filling the gap caused by data transmission failures (due to problems with the receiving equipment at the ground stations, lack of adequate downlink time, operator error, or data processing backlogs).
DIRECT READOUT
A ground station that receives and processes DB transmissions is a Direct Readout [DR] station. In order for a DR station to utilize DB data effectively, they must have: (i) hardware and software for receiving the data, (ii) access to science application algorithms, and (iii) a decision-making infrastructure [4] . NASA GSFC operates the Direct Readout Laboratory (DRL) as a technology and information conduit for the DB community [4] . The DRL acts as an intermediary between missions and DB community members that can make use of the science algorithms. The software is free, so interested users have the choice of purchasing a ground station from a commercial provider or developing their own ground station using relatively inexpensive hardware. At the time of this writing, commercial DB systems cost between $150~200K.
The International Polar Orbiter Processing Package (IPOPP) is the primary processing package that will enable the Direct Readout community to process, visualize, and evaluate National Polar-orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (NPP) Sensor and Environmental Data Records ( Figure 1 ). This is a necessity for the Direct Readout community during the transition from the EOS era to the NPOESS era. DRL technologies developed for the NPP In-Situ Ground System (NISGS) will provide the framework for IPOPP. IPOPP will be:
Freely available Portable to Linux x86 platforms Efficient to run on modest hardware Simple to install and easy to use Able to ingest and process Direct Broadcast overpasses of arbitrary size Able to produce core and regional value-added Environmental Data Record products
SCIENCE APPLICATION PRODUCT TRANSPORTABILITY
The ultimate goal of the DB data user is to arrive at an understanding of the regional environment dynamics and derive information for decision support. Therefore the extent of DB's utility is directly proportional to the ability of the user to provide the derived information to a decision-making infrastructure [4] . The primary mechanism used by decision support systems relies on the inclusion of science data products which are compatible with geographic information systems (GISs). A GIS is one of the most important tools for analyzing NASA's EOS data and promoting real-time applications. The EOS missions have produced tremendous amounts of data in its HDF-EOS format, but these data formats are not easy to import in a semi-autonomous manner into most contemporary GISs. GeoTIFF is one of the GIS-ingestible formats; therefore the ability to produce GeoTIFF from HDF-EOS, and eventually HDF-5, will greatly enhance the interoperability and public use of EOS data. GeoTIFF is a TIFF file that has geographic (or cartographic) data embedded as tags within the file. This geographic data can be used to position the image in the correct location and geometry on the screen of a GIS display. It will improve the data analysis and visualization, promote the use of EOS data not only in the global change research community but also in the public arena where there is heightened concern with issues such as global climate change, environment and resource management, education, and community planning.
To make this happen, the necessary geospatial metadata must be added to the GeoTIFF format. Geospatial metadata are useful for several reasons:
Availability: Metadata provides information needed to determine the sets of data that exist for a geographic location. Fitness for use: Metadata provides information to understand how the data were acquired and processed (i.e., its lineage) to determine if a set of data meets a specific need Access: Metadata must be accessible for an identified set of data Transfer: Metadata are needed to process the specific data set. In addition, metadata can be an important component in triggering future research and development by means of a feedback mechanism. As users analyze the lineage metadata associated with a data set, they may identify processes that may have degraded the data quality and discover alternate techniques that could potentially improve the data quality and make it suitable for a particular application.
A prime example of metadata enhancement is the incorporation of standard color tables within the GeoTIFF format. Such tables will be helpful in promoting uniformity in visualizations of a particular Geophysical parameter [4] .
EXAMPLES OF OPERATIONAL USERS
Various countries and organizations capture and utilize DB data. Some of the operational applications include weather forecasting, disaster prediction, monitoring, and management, fire identification and monitoring, and fisheries (Figures 2 and 3) . The latest estimate is that there are three thousand individual DB users associated with around 200 ground stations and over 200 DR stations worldwide.
The National Weather Service has been receiving and using processed DB data products (reflectances and brightness temperatures, sea surface temperatures, cloud top pressure, and true color 250 km imagery) from the University of Wisconsin since June 2006.
Below are several examples of DB/DR stations and how they use the data.
US Department of Agriculture (USDA) Forest Service Remote Sensing Applications Center
The Remote Sensing Applications Center (RSAC) operates an X-band antenna at its ground station facilities in Salt Lake City, Utah and currently collects MODIS direct broadcast data from both the Terra and Aqua satellites. The RSAC provides national assistance to agency field units in applying the most advanced geospatial technology toward improved monitoring and mapping of natural resources. The RSAC provides timely science data products and information to aid resource management and environmental monitoring by the Forest Service and other federal/state resource management agencies. Additional near real-time data from other North American ground stations are also compiled and integrated at the RSAC facility. These data are made available as part of a data-sharing network between participating ground stations. Together, this network facilitates comprehensive coverage of the continental United States, southern Canada and northern Mexico. [5] 
Dundee Satellite Receiving Station, Dundee University, UK
The satellite receiving station at Dundee University has been systematically recording satellite images on a daily basis since 1978. The Dundee station maintains an up-to-date archive of images from NOAA, SeaStar, Terra and Aqua polar orbiting satellites. Images from geostationary satellites covering the whole earth are also available. MODIS data are received and archived providing much-improved spatial and spectral resolution. The archive is kept on tape and CD-ROM, with a photographic archive kept for quick browsing. The site can supply either enhanced photographic images produced from the data, or the data itself via the internet, tape, or disk.
[6]
Sri Lanka
Sri Lanka's National Aquatic Resources Agency (NARA) has a satellite-based fishery forecasting system for deep sea fishing, providing accurate information on large shoals of fish in the seas and inland waters using the latest technology to maximize the catch. Sri Lanka's fishery resources beyond the continental shelf waters are not fully exploited, while some coastal fishery resources are being over-exploited because of heavy expenses and lack of resources. The Satellite-Based Fishery Forecasting System uses EOS DB data to increase the economic efficiency of offshore fishing thereby reducing the amount of fishing occurring along the coast; reduce the operational cost of multi-day fishing fleets; and increase the quality of fish for export. The use of this DB data is expected to greatly contribute to the development of the offshore fishing industry by improving efficiency. The system has a goal of providing information on potential fishing grounds which will result in reducing operational costs (such as search time and fuel) and in the process, increasing production. The initial experiments have shown positive results with fisheries corporation vessels netting large catches. [7] 
A Ubiquitous Information Services For The Offshore Fisheries Around Japan
The Japanese Fishery Agency is responsible for the management of fisheries resources in Japan. The priority species for management are the Japanese common squid (Todarodes pacificus), Pacific saury (Cololabis saira), pollack (Theragra chalcogramma), mackerel (Trachurus japonicus), and the queen crab (Chionoecetes opilio). These were selected because of their importance and popularity as a food resource, and also because of concerns about their abundance. Management is mainly based on the total allowable catch, calculated from the allowable biological catch. Its calculation is based only on catches. More accurate estimation of abundance can be obtained by monitoring the ecosystem and considering any environmental changes. Satellite data like the DB data from Terra and Aqua help determine the time period, and the location and the abundance of the target fish (taking onto account migration routes), which must be recorded in nearreal time. [8] [9] [10]
Russia and nearby Territories
A network of 4 receiving stations utilizing 9 receiving antennas located in Moscow, Megion, Irkutsk and Magadan, provide the ability to collect data from more than a dozen satellites (including Aqua and Terra) covering all of Russia and the nearby territories. The MODIS DB data are used to observe the weather, map ice and vegetation, and monitor floods and fires. A private Russian company implemented and operates the stations. [11] 
Sodankylä Station, Finland
Some ground stations are associated with a scientific/meteorological facility like the one in Sodankylä, Finland. Finland was involved in the development of the Ozone Monitoring Instrument (OMI) on board Aura in cooperation with the Royal Netherlands Meteorological Institute (KNMI). The goal was to also develop the capability to produce near realtime ozone and ultraviolet (UV) OMI data products from the DB data received in Sodankylä. That was successfully implemented and the products have been available to the public via the internet only 15 minutes after a pass since the end of 2004. The local DB data covers central Europe from the North Pole to the Mediterranean area. Notably, OMI data were recently used by various volcanology centers in the U.S. and Europe following the Iceland volcano eruption.
The same Sodankylä DB system is also able to receive 
SUMMARY
The use of EOS DB data is increasing every year. EOS data are valuable not only for science but for everyday operational applications all over the world. The continued availability of realtime EOS-type data for operational use is needed. The free software and access from NASA makes DB an accessible and cost-effective option, particularly for developing countries. NASA and other satellite agencies must consider this capability when planning future missions.
